Structural response and failure modes of honeycomb sandwich panels subjected to a shock (impulsive pressure) followed by a high velocity projectile impact were investigated using detailed finite element simulations. Performance of sandwich panels was quantified by maximum transverse deflection of the bottom face sheet and core crushing strain along with an investigation of their optimal behavior. Three failure modes were observed in panels -core failure, top face failure, and tearing and detachment from support. Failure maps of honeycomb sandwich panels were constructed to show the failure mode of panels as a function of shock intensity, projectile velocity and panel core relative density. In addition, a limited set of simulations were carried out to study the role of incident angle of projectile on the overall performance of a panel. These simulations showed that maximum deflection occurred for vertically impacting projectiles. However, we found that this did not directly translate to maximum core crushing strain in sandwich panels. The results provide new insight into the performance and failure of sandwich panels under complex dynamic loading conditions, and further highlight the potential of these panels for development of threat-resistant structural systems.
Introduction
Sandwich panels with low density core constructions have the potential to significantly enhance the security metrics of structural systems under extreme loading conditions such as impact, blast and thermal shocks [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In a pioneering study, Xue and Hutchinson [16] simulated the response of tetragonal truss core sandwich panels under blast loading. Their study showed that a well-designed sandwich panel can sustain a higher impulsive load and absorbs more energy prior to failure compared to a counterpart solid plate of same mass. This motivated further studies on performance of lightweight sandwich panels under impulsive loading [17] [18] [19] [20] [21] [22] [23] [24] [25] . These studies further highlighted the potential of sandwich panels for enhancing the safety of structures under impulsive loading.
To better assess the potential of these panels for developing robust threat-resistant structural systems, additional investigations into their behavior under more complex loading conditions are required. To this end, computational techniques, especially finite element simulation are widely used in understanding the behavior of sandwich panels especially for the case of impulsive loadings since physical recreation of the conditions being studied can be prohibitively expensive. In a recent computational work, Ebrahimi and Vaziri [26] considered honeycomb and corrugated core sandwich panels subjected to multiple shocks. In addition, further complicated loading scenarios may be envisioned such as: (i) multiple impacts by nonexplosive projectiles [21, [27] [28] [29] , (ii) shock or projectile loading followed by an internal fire (e.g. World Trade Center collapse in 2011 [30, 31] ) and (iii) shock or projectile loading followed by internal explosion (e.g. in pipeline networks and fuel tanks). In addition to these, shock loading followed by projectile impact constitutes an important practical scenario deserving a thorough treatment. This type of loading typically occurs when for example a primary explosion fragments parts of the enclosing or surrounding structure launching a major fragment into the air (like a projectile). Thus, the initial shock wave of the blast is followed by a projectile strike.
This important scenario will be the focus of the current work, which is investigated using detailed finite element based computational models. It's been well shown in the literature that numerical simulation of sandwich panels can capture many of the phenomenological details of deformation of these panels (see for example Refs. 32 and 33). Rizov et al. [34] compared the numerical and experimental results of indentation of a foam core sandwich panel and reported a good match between the results. Validation of finite element models has been examined for different core topologies such as multilayered pyramidal lattice core [35] , corrugated [24] and honeycomb sandwich panels [36] under blast loading and good agreement compared to analytical and experimental results has been reported. The present study closely follows the work of Hutchinson and his colleagues [2, 37] who studied the performance of square honeycomb sandwich panels under shock loading [2] and projectile impact [37] and validated a computational model of these panels in ABAQUS against experimental data and reported that the finite element method predicts displacement of the panel with a very good agreement to the experimental observations and also can capture many details of the core crushing behavior. Our computational model's geometry and meshing in the present study is nearidentical to this validated model (except for the core element where we have used hexahedral elements rather than shell elements). In addition, the material models used for both this work and the current work fall broadly under similar class of materials. Thus we have strong reasons to expect realistic predictions especially for deflection and core crushing behavior. For failure of the panels, since we have neglected manufacturing imperfections and assumed joints to be perfect, we admit that our results for failure can overestimate experimental results. In spite of these limitations, the results still retain significance as a comparison tool and design aide for honeycomb panels of different core densities and load intensities. To this end, in this paper, we study the performance and failure behavior of square honeycomb core sandwich panels (known to exhibit superior performance in comparison to many other types of core configurations - [17, 18, 26, 38] ) under combined shock and projectile impact. We compare the results with a corresponding solid plate of same mass. Although, for the current study, we do not consider the example of multiple fragment strikes, the framework presented can be readily extended to include such a case.
The rest of the paper is organized as follows -section 2 describes detailed geometry of the panel and the projectile along with the material models employed. In addition, the method for applying shock loading and geometry of the projectile is explained. Response of sandwich panels to combined shock and projectile loading is studied in section 3, including the effect of projectile size and incident angle. In section 4, an optimal core density is sought for honeycomb sandwich panels subjected to combined shock and projectile loading. Finally, failure mechanisms of honeycomb sandwich panels under combined shock and projectile loading are discussed in section 5, and failure diagrams were constructed. The concluding remarks are drawn in section 6.
Panel geometry, loading and materials
For the purpose of numerical simulations of the response, we base our computation on the model of one unit cell of the sandwich panel with a periodic boundary condition (as depicted in Fig. 1 ) using commercial finite element code ABAQUS/Explicit (SIMULIA, Providence, RI). Full three-dimensional models were constructed and fully meshed with 8 node three dimensional elements [20, 39, 40] . Core and face sheets were bonded together with "Tie" option available in ABAQUS which couples degrees of freedoms in associate nodes on the two surface. Fig. 1A shows a schematic diagram of square honeycomb sandwich panel geometry and the corresponding computational model of the unit cell. The panels were considered to have infinite width and finite length of 2L. Fully clamped boundary condition along the infinite edges was applied for the computational model. At least four 8-node hexahedral elements with reduced integration were employed through the thickness of each face sheet, which can capture early stages of necking with acceptable fidelity [39] . As shown in Fig. 1A , the core has height and web spacing of H and B, respectively. Also hf and t denote thickness of face sheets and core webs. Core relative density, ρc, and mass/area of panels can be calculated based on these geometrical parameters as follows: 
where ρ is density of the material. In order to model the computational unit cell, core height and web spacing were fixed at H/L = 0.1 and B/H = 1, respectively, with L = 1m. Mass/area of the panel was taken to be M = − 156 2 kg m , which is the same mass/area of a solid plate with thickness equal to 20 mm. With these parameters in hand, thickness of the core webs and face sheets can be calculated for each given ρc from Eq. (1) .
Several methods to model a blast loading on a panel have been discussed in the literature (e.g. Refs. 17 and 18) . In this work, the method of applying a rapidly decaying transient pressure load on the panel was chosen as it gives more realistic prediction especially for core crushing stage [17] . This time dependent pressure history was modeled as P t Pe t t t
, where P and t0 denote, respectively, the peak over-pressure and decay time associated with the shock. Typical time duration for a shock wave generated due to a blast is t s 0 4 10 = − which is short compared to the overall response time of a plate (~10 ms). Since the aim of this work is to predict the response of sandwich panels after the shock has transferred to the panel, we neglected the fluid-structure interaction (FSI) issues. Fluid-structure interaction (FSI) can indeed be an important issue for blast loading. However, note that there are several stages of typical panel behavior with interacting shock wave. Particularly, Fleck and Deshpande [4] have found that the behavior can be delineated clearly in three stages. Stage I, which lasts for a relatively short phase, is characterized by the transfer of energy from the fluid to the panel. This gives way to stage II where the core is crushed by advancing outer face sheet, and in turn, the outer face is decelerated while the core and the rear face are accelerated. The kinetic energy acquired by the sandwich panel during the first two stages is dissipated due to plastic bending and stretching in stage III. Therefore, our current finite element based simulations, which predict the structural response and performance of sandwich panels after the shock is transferred to the panel face sheet, in effect, model the behavior of panels in stage II and stage III of the response described above. It should be noted that our results can be linked to air or water blast scenarios, to a reasonable approximation, according to the approach originally proposed for water blasts by Taylor [41] and developed more fully for sandwich panels by Liang et al. [42] and as extended by Kambouchev et al. [43] to air blasts.
In addition, FSI in blast loading has been shown to significantly enhance the relative performance of a sandwich panel compared to a solid plate of equal mass due to a reduction in the momentum acquired by the sandwich panel compared to that acquired by the solid plate especially for water blast [17] . It should be emphasized that the value of peak over pressure used in this study corresponds to the shock intensity transmitted to the panels, while fluid-structure interaction results in lower intensity of transmitted shock to sandwich panels compared to its solid plate counterpart for a far field shock wave. The projectile was treated as rigid prismatic solid with rounded square cross-section. It was modeled as discrete rigid part and meshed using 8 node linear brick elements with an imposed rigidity constraint. The projectile was assumed to have infinite width similar to the panel and edge length of a/L = 0.1 with fillet radius of r/L = 0.05. In simulations, where a panel was subjected to combined shock and projectile impact, we assumed that the first loading is the shock, followed by the projectile impact. The reason for this assumption is the shock wave due to a blast or explosion generally causes debris to become airborne, which generally travel at a speed much lower than the shock wave. For a structure located sufficiently far from the explosion or blast location, it is reasonable to assume that the shock first impinges on the structure loading, followed by airborne debris impact. On the same note, we considered the time difference between shock impingement and projectile impact to be long enough so that the response of the panel can be assumed to be independent of this time difference. In our study, this time difference was selected to be 8 ms, which based on the results presented in Ebrahimi and Vaziri [26] provides sufficient time to the panel to get into the rest position after the initial impingement.
The material considered here is AH36 steel, which is a moderate strength steel with low strain hardening [44] widely used in the shipbuilding industry [45, 46] and standardized by the American Bureau of Shipping [47] . This alloy is quite useful for our current computational study since its relatively low ductility is suitable for highlighting the role of fracture limits. Lee and Wierzbicki [44] , using quasi-static uniaxial tensile tests, have shown this alloy to closely conform to an elasto-plastic constitutive relationship with Young's modulus E = 200 GPa, Poisson's ratio υ = 0.3, yield strength s Y MPa = 380
and density of ρ = − 7800 3 kgm with an isotropic hardening behavior that is shown in Fig. 1B . In order to model failure, a plastic strain based ductile fracture criterion is used, which utilizes an equivalent failure plastic strain parameter, which is defined as e e e e , where e 0 p is the plastic strain at yield.
Clearly, this failure plastic strain is an accumulated plastic strain measure, which is an important internal variable in many traditional damage and fracture models [48] [49] [50] . In the current model, we simply assume that when the accumulated equivalent plastic strain reaches a critical value, the material point fails and the element corresponding to the integration point is deleted thus initiating fracture. This is identical to the local ductile fracture criterion, which is formulated by Wierzbicki's group [51, 52] and also suggested by others [53] [54] [55] [56] [57] . Furthermore, Børvik et al. [58] [59] [60] and Hopperstad et al. [61] have shown that the effect of stress triaxiality (defined as the ratio of the hydrostatic mean stress, σm, to the von Mises equivalent stress, σe) on fracture strain is much greater than that of strain rate and temperature for Weldox 460E steel. Therefore, in the present work, dependency of this failure parameter on strain rate and temperature was not taken into account and only stress triaxiality effect was considered. This is consistent with several wellknown failure models in literature such as the Johnson-Cook [48] and Gurson models [62] if strain rate sensitivity, temperature dependence and initial defects are neglected as in our current study. This failure model was calibrated for AH36 steel using quasi-static uniaxial tensile test and numerical simulation [44] and reported evolution of failure strain with stress triaxiality (Fig. 1C) . Furthermore Lee et al. [63] verified this failure criterion by a punch indentation test of a thin plate of a mild steel and showed that using it in numerical simulations gives reasonably good prediction of both crack formation and propagation.
Honeycomb sandwich panel under combined shock and projectile impact
In this section, we studied the response of sandwich panels under combined shock and projectile loading. Fig. 2 represents the time response of a honeycomb sandwich panel with ρc = 0.04 made of AH36 steel and impinged upon by combined shock and projectile loading. We first carry out simulations to determine the effect of impact, which itself follows a blast load on the panel by an 8 ms delay as discussed in section 2. For this set of simulations, peak overpressure of shock was held constant at P = 50 MPa for all loadings and projectile velocity varied from zero to 70 m/s. In the simulations, failed elements were removed when the strain based failure criteria mentioned previously is satisfied, following a technique available in ABAQUS. Our simulations showed that friction between projectile and panel has a minimum effect in deflection and core crushing for vertically impinging projectiles, which is in agreement with published literature [37] . For the case of oblique impingement, higher coefficient of friction in contact would result in more energy transferred to the panel thereby causing greater deflection and core crushing. Presence of friction may also alter projectile trajectory and maximum core crushing spot as well as failure mechanism of the panel. However, the study of these variables under oblique impact was not part of the current work. Thus, to be consistent with the rest of the study, we assume frictionless contact between the projectile and the panel in all simulations. Therefore, general contact formulation available in ABAQUS was employed for the impact part of the problem with frictionless contact option. Mesh density was taken to be the same as the pervious study on similar geometry and blast loading [20, 39, 40] so that results are minimally sensitive to element size. In this set of simulations (and in the rest of this work), for convenience, the mass of the projectile was kept constant so that mass per length of projectile (perpendicular to the page) is equal to mass per length of sandwich panel (for computational model of unit cell made of AH36, it is 156 kg/m).
Normalized deflection of bottom face sheet and core crushing strain, defined as the ratio of core height in the deformed state to the original height, at the center of the honeycomb sandwich panel
) [20] , are shown in Fig. 2A and B, respectively. Fig. 2C shows final deformed configuration of the honeycomb sandwich panel after it comes to rest for four loading conditions considered here. In these loading scenarios, peak over pressure of shock is P = 50 MPa for all cases and projectile velocity is V = 0 (i.e. no projectile impingement), 30, 50 and 70 m/s. Contour displays equivalent plastic strain distribution in the panel. Failure was observed only for the highest velocity of projectile where the core of the panel failed close to the clamped boundary. Here, onset of core failure is defined when the total length of one continuous crack in the core becomes equal to the core height [18, 26] . Another failure mechanism observed in this case is the top face failure at the boundary (i.e. top face detached from support).
In the next set of simulations illustrated in Fig. 3 , we investigate the comparative influence of projectile velocity on the maximum deflection of bottom face sheet of honeycomb sandwich panels and a counterpart solid panel made of AH36 for different peak over-pressures of initial shock. As discussed before, in all these simulations, the mass of the projectile was held constant. The curves were terminated at the velocity of the projectile associated with total failure of the sandwich panel or solid plate, which is defined to occur when they fully detach from support and become airborne. Interestingly, in contrast to the solid plate, the sandwich panel deflections show a strong convergence at higher velocities. This indicates that beyond a certain threshold of impacting momentum, the sandwich core undergoes local crushing collapse and compaction (seen clearly in Fig. 2B ) which ultimately determines the panel response unless significant extensive failure by the shock itself (i.e. P = 120 MPa). 
Role of projectile size
In this section, we investigated the effect of projectile size on honeycomb sandwich panels subjected to combined shock and projectile loading. In this set of simulations, geometry and the material of the panel is the same as described in section 2, and the core relative density is kept constant as ρ = 0.04. Results are presented for three values of a/L, which is the ratio of the edge size of projectile over the length of the panel and for two loading conditions, which are the same as the one considered in the previous section. The projectile hits the panel vertically at the center of the panel and the mass of the projectile is the same for all three sizes considered here and is equal to the mass of the honeycomb sandwich panel's computational unit cell. Fig. 4A and B show normalized deflection of the bottom face of the honeycomb sandwich panel and core crushing strain versus projectile velocity, respectively. In these figures dashed lines represent results for combined shock and projectile loading and solid lines show results for panels impinged by only the projectile. From Fig. 4A it becomes clear that for lower impacting velocities, the initial shock magnitude has an overwhelming effect in determining the maximum deflection for any projectile size, a phenomenon already seen previously (Fig. 3) . As the magnitude of impacting velocity is increased, a convergence irrespective of initial shock over-pressure occurs. This also directly follows from the investigation of the previous section related to collapse and compaction. However, it is interesting to note that the convergence is slowest for the largest projectile and that is simply due to greater localization of crushing zone for a smaller projectile, which is a critical equalizing factor as discussed earlier. This can be verified from Fig. 4B , which shows that the crushing strain (defined as the ratio of core height in the deformed state to the original height) is much higher for the smaller projectile especially at higher impacting velocities and is marginally affected by the initial shock pressure. Overall, we find little influence of the projectile size on these results except at very small sizes where localized crushing dominates.
Role of projectile incident angle
In this section, we carried out a limited set of simulations to explore the role of projectile incident angle, θ, on the response of a solid plate and a honeycomb sandwich panel made of AH36. Fig. 5A represents a schematic diagram of panel with the projectile angle of incidence, θ and other relevant dimensions. Angle of incidence is defined as the angle between the velocity vector of the projectile at the time of impact and the normal to the impacting surface as shown in Fig. 5A . This angular approach breaks the symmetry of the problem observed earlier even though it still impacts the surface at the midpoint of the panel. Fig. 5B and C shows normalized maximum deflection of the bottom face sheet of the honeycomb sandwich panel and solid plate and core crushing strain of honeycomb sandwich panel versus incident angle in degrees, respectively. Results are shown for two loading conditions -combined shock and projectile and only projectile. Velocity of projectile for all data points is V = 50 m/s. For the panels subjected to the combined loading condition, the peak over-pressure of shock is P = 50 MPa. Dashed lines in Fig. 5B represent results for honeycomb sandwich panels and solid lines correspond to the results for solid plates. Fig. 5D shows final deformed shape of the panel subjected to combined shock and projectile loading for three values of θ =°15 45 75 , and . Contour displays equivalent plastic strain distribution in the panel. As expected, by increasing θ, deflections of both honeycomb sandwich panel and solid plate decrease because of lesser vertical momentum transmitted to panels, which cause panels to undergo a smaller deflection. Interestingly, the honeycomb sandwich panels show lesser maximum deflection and continue to maintain the difference even for oblique impacts up to a substantial value.
B/H
In order to investigate the effect of symmetry breaking due to oblique incidence, we now plot the difference between the maximum crushing strain and mid-span crushing strains of honeycomb sandwich panel versus angle of incidence. For the case of vertical impact, we may expect from symmetry that both mid-span and maximum strains would coincide as clearly observed in Fig. 5C . As the incident angle increases, the extent of broken symmetry increases sharply up until a maximum is reached. Thereafter, as the impacting angle increases thereby decreasing the vertical momentum transferred, the symmetric effect of initial shock muffles the asymmetry of the oblique projectile. On the other hand, in the case where there is no initial shock, increasing angle of incidence causes the smaller impacted momentum to be transferred to the panel and thus pushes the panels into a "no loading" regime and zero crushing strain. Thus, we find a region of asymmetry bounded by envelopes of symmetry defined by blast domination on one hand and transition into vibrational regime on the other.
Optimization
Designing sandwich panels for threat minimization would invariably involve an optimization study. In this regard, it is already known that square honeycomb sandwich panels have an optimum core relative density, which can minimize deflection of the panel under single blast (shock) loading [20, 64] or multi blast loading [26] . Several sets of simulations were carried out to examine optimality of honeycomb sandwich panels subjected to combined shock and projectile loading and results are presented in this section. Fig. 6A and C shows normalized maximum deflection of top face sheet of a honeycomb sandwich panel made of AH36 under single projectile and combined shock and projectile loadings, respectively. Here, we chose to present the results for top face deflection, which is a good representative of the overall performance of the panel including deflection and core crushing [20, 26] . Loading scenarios are the same as what we discussed for Fig. 2 . Panels with core relative density of ρ c to = 0 02 0 08 . . were considered here. Curves terminated at total failure of panels (i.e. detachment from support). We also exclude data points associated with the panels with top face and core failure from our discussion since top face and core failure cause an elevation in their maximum deflection and make the comparison inaccurate. Results in Fig. 6A and C show that the panel with ρc = 0.06 has the minimum top face deflection under the abovementioned loading conditions. For panels with small core densities (ρc < 0.04), projectile impact causes significant localized core crushing and as a result, larger top face deflection.
On the other hand, for panels with large core densities (ρc > 0.07) core crushing is small (see Fig. 6B and D) and thus projectile impact contributes to the overall deformation of the panel. For mid-range values of core density (~0.06) both deformation modes, core crushing and overall deformation contribute moderately resulting in smaller top face deflection, and thus make this density (i.e.~0.06) as near-optimum density for panels subjected to combined shock and projectile loading. Fig. 6B and D shows core crushing strain of panel under loading conditions discussed earlier in this section. In both loading scenarios, panels with core relative densities greater than 0.05 exhibit approximately equal core crushing strain while for core relative densities smaller than 0.04, crushing strain is considerably large and increases as the core density decreases and the load intensity increases. Fig. 7 shows dissipated plastic energy at the two faces and the core of the panels normalized by kinetic energy of projectile versus core density of panels subjected to a projectile impingement, single shock and a combined shock and projectile impact with peak overpressure and velocity of P = 50 MPa and V = 50 m/s, respectively. For panels subjected to a projectile impingement only, as seen in Fig. 7A , the energy absorbed by the core increases up until ρc = 0.05 and then stays approximately constant. Note that since the volume of the core is relatively small for ρc < 0.05, the overall plastic energy absorbed by the core is less. On the other hand, energy absorption of the top face follows the deformation trend discussed in Fig. 6A until the panel experiences top face failure (at about ρc = 0.07, see Fig. 6A ). Note that by increasing core density, the top face sheet of the panel gets thinner (since the total mass per unit area of the panel is kept constant) and thus, although deformation of the top sheet decreases only slightly (Fig. 6A) , the decrease in energy absorbed by the top face is substantial. Finally, since the overall deflection of the panel for projectile impingement at V = 50 m/s is approximately the same for all core relative densities considered here, the plastic energy absorbed by the bottom face remains almost constant with density.
Next, we study the effect of a single shock and a combined shock and projectile loading on the panels with different relative density (Fig. 7B) . For the panel subjected to a single shock, Fig. 7B shows that the energy absorbed by core decreases with increasing core density since panels with smaller core densities experience larger core crushing [17] . Moreover, it has been demonstrated in earlier studies [39] that for sandwich panels with high core density subjected to a single shock, the panel top face undergoes extensive plastic bending into the core while the core webs and the bottom sheet undergo very little deformation, thus plastic energy dissipated by top face increases with increasing the core density.
Interestingly, the energy absorption trend of the core during the combined impact and shock loading, Fig. 7B (solid blue line) , also seems to combine the contrasting energy absorption characteristics observed for the earlier loading scenarios, remaining approximately the same for all core densities. Two competing mechanisms lead to this behavior: on one hand there is a decrease in energy absorption of the core under shock loading due to increasing core density (as we discussed before). On the other hand, with increasing core density, the volume of the core that is crushed underneath the projectile (local crushing) increases thereby increasing energy absorption as well. These two mechanisms therefore tend to minimize any variation in energy absorption of the core for the range of core relative densities considered here. The top face, which as discussed earlier, becomes thinner with increasing core density, continues to absorb lesser plastic energy with increasing density, Fig. 7B (solid red line) broadly reflecting the trends from the impact conditions found earlier (Fig. 7A) . Finally, the bottom face sheet of the panel under combined shock and projectile impact absorbs approximately the same amount of energy for different core densities once again combining the responses of the individual loading conditions, Fig. 7B (solid green  line) . Note that the bottom sheet energy absorption seems to sharply increase beyond ρc = 0.06, but that is because the core and top face of the sandwich panel subjected to this specific loading condition fail at the support. This forces the bottom face to carry a bigger portion of the applied load and experience larger deformations near the support resulting in a jump in absorbed energy. Thus, our study highlights the critical difference in energy absorption characteristic exhibited due to the combined shock and projectile loading which is in stark contrast to either single projectile or single shock conditions clearly reflecting the critical differences in the deformation and failure mechanisms. Furthermore, we find significant difference in energy absorption characteristic of different elements of the panel, which must be taken into consideration for an optimal design of these sandwich structures.
Failure mechanisms of honeycomb sandwich panels
In this section, we investigate the fundamental failure mechanisms of the panel under the loading considered. In this regards, an earlier work [26] studied the failure mechanisms of sandwich panels subjected to multiple intense shocks and identified three failure modes: core failure, top face failure and tearing at or close to the boundary. Here we extend the failure investigation for honeycomb sandwich panels subjected to combined shock and projectile loading. Our FE simulations show three failure mechanisms were observed including (i) core failure, which is defined to have occurred when the total length of one continuous crack on the core webs is equal to the core height, (ii) top face failure, which is defined as tearing of top face sheet and (iii) total failure of panel, which signifies the total detachment of a panel from the support. These three modes are observed in Fig. 8C , which displays the final deformed shape of the panel with core relative density of 0.02 subjected to combined shock and projectile impact of P = 50 MPa and V = 30, 50, 70 and 80 m/s. To better investigate the effect of principal variables on failure, we construct two failure maps one spanned by the projectile velocities and peak over pressure with density constant at 0.04 and the other spanned by the projectile velocity and relative density with peak over pressure held constant at P = 50 MPa. Fig. 8A shows the failure map of honeycomb sandwich panel with core density of 0.04 under combined shock and projectile loading in terms of peak over-pressure of shock and velocity of projectile. In the range of loading considered in this paper, top face failure always occurred simultaneously with core failure. For lower values of peak pressure, the honeycomb sandwich panel did not experience any failure up to moderate values of projectile velocities and as the velocity increases, the top face and the core fail approximately simultaneously, which is described as type (ii) failure according to the classification proposed here. For values of peak pressure greater than P = 65 MPa, the panel went into core failure regime even for a single shock and explains the absence of a "no failure" region. The honeycomb sandwich panel did not experience failure mode (ii) for P > 90 MPa and directly went from core failure region to total failure. We report that regardless of the value of peak pressure, total failure happened to honeycomb sandwich panels at velocities of the projectile V > 75 m/s. Fig. 8B represents the failure map of honeycomb sandwich panels subjected to combined shock and projectile loading in terms of projectile velocity and core relative density where value of peak pressure was fixed at P = 50 MPa. The honeycomb sandwich panel did not fail up to the moderate values of velocity of projectile in the range considered in the current study for all core densities. In this set of simulations, core failure of panel was simultaneous with top face failure except for the least core density, ρc = 0.02 where in a narrow range of velocity, V = 40-60 m/s, failure occurred only in the core of the panel. Interestingly, for higher core densities, the onset of top face failure or total failure happened at lower value of velocity of projectile.
Conclusions
In this paper we provide a deeper insight into the mechanical response of sandwich panels under combined blast and impact loading. Previous studies mainly concentrated on response of sandwich panels under simpler loading scenarios such as single shock and single projectile loading. In this paper, detailed numerical simulations were carried out to study the deformation and failure mechanisms of honeycomb sandwich panel under combined shock and projectile impact, and the results were compared to counterpart solid plate of equal mass. A limited set of simulations were performed to study the role of incident angle of projectile on the deformation of panels, as well as core crushing. Core relative density of 0.06 was recognized as an optimum density, which panels have minimum top face deflection. This value is reasonably close to the value that has been reported in the literature for sandwich panels subjected to single shock [39] or multiple shock [26] loadings. Finally, failure maps of the panel in terms of the three most important parameters including peak over-pressure of shock, projectile velocity and core relative density of panel were constructed.
The material selected for the current study namely AH36 steel exhibits a failure envelope dependent on plasticity and stress triaxiality. On the other hand, the behavior of metals, which substantially differ from this material such as aluminum, can indicate different failure modes for panels with reasonably similar geometry. However, in spite of differences in materials, several damaged features can carry over such as experimentally observed folding modes during blast loading of flat aluminum sandwich panels [65] . Such folding modes with increasing intensity of folding with transition into plastic folding were also observed for air blast loading of cellular sandwich panels made of super-austenitic stainless steel [37]. Similar common behavior can also be found while comparing experimental results of blast loading of flat aluminum panels, which when compared with a solid counterpart showed consistently lesser deflection similar to our own study up until blast loading is intense enough to cause edge failure (not considered in our study) [66] . Similarly, incorporating a composite face sheet can also cause significant differences in behavior under blast loading such as lower levels of permanent deflection due to lower ductility, resulting in lesser energy absorption [67] . However, in spite of these differences, several important failure modes are common with our study such as core crushing, rupture of top face sheet and failure of the clamped region starting from the blast side [65, 67] . Interestingly, recent work on impact resistance comparison between sandwich structures with cellular cores of different materials (Ti-alloys and aluminum) highlights this similarity in fundamental mechanical behavior further [68] . This plot shows that in spite of the differences in impact resistance between different materials, the shape of the indentation depth versus impact energy curve was remarkably similar to each other especially at higher specific energy of impact [68] . Thus, in summary, the conclusions inferred in the current study can be more general than the specific material considered in this paper.
